Aim: Recent evidence shows that localization of mRNAs and their protein products at cellular protrusions plays a decisive function in the metastasis of cancer cells. The aim of this study was to identify the variety of proteins encoded by protrusion-localized mRNAs and their roles in the metastasis and invasion of liver cancer cells. Methods: Highly metastatic hepatocellular carcinoma cell line HCCLM3 and non-metastatic hepatocellular carcinoma cell line SMMC-7721 were examined. Cell protrusions (Ps) were separated from cell bodies (CB) using a Boyden chamber assay; total mRNA population in CB and Ps fractions was analyzed using high-throughput direct RNA sequencing. The localization of STAT3 mRNA and protein at Ps was confirmed using RT-qPCR, RNA FISH, and immunofluorescence assays. Cell migration capacity and invasiveness of HCCLM3 cells were evaluated using MTT, wound healing migration and in vitro invasion assays. The interaction between Stat3 and growth factor receptors was explored with co-immunoprecipitation assays. Results: In HCCLM3 cells, 793 mRNAs were identified as being localized in the Ps fraction according to a cut-off value (Ps/CB ratio) >1.6. The Ps-localized mRNAs could be divided into 4 functional groups, and were all closely related to the invasive and metastatic properties. STAT3 mRNA accumulated in the Ps of HCCLM3 cells compared with non-metastatic SMMC-7721 cells. Treatment of HCCLM3 cells with siRNAs against STAT3 mRNA drastically decreased the cell migration and invasion. Moreover, Ps-localized Stat3 was found to interact with pseudopod-enriched platelet-derived growth factor receptor tyrosine kinase (PDGFRTK) in a growth factordependent manner. Conclusion: This study reveals STAT3 mRNA localization at the Ps of metastatic hepatocellular carcinoma HCCLM3 cells by combining application of genome-wide and gene specific description and functional analysis.
Introduction
Hepatocellular carcinoma (HCC) is the fourth most common malignant cancer in the world. Approximately 250 000 people worldwide die of HCC each year [1, 2] . More than 60% of patients who suffer from HCC are not diagnosed at an early stage because of the unclear pathogenesis of the disease, a hallmark of HCC. A delayed diagnosis of HCC results in only a 5% survival rate after 5 years [3] . Most cancer-associated mortality is related to the metastasis of malignant cancer cells. There are several discrete steps involved in the process of cancer metastasis: loss of cellular adhesion and acquisition of the ability to escape from the tumor tissue; increased invasiveness www.nature.com/aps Liu YH et al Acta Pharmacologica Sinica npg and motility driving malignant cancer cells to migrate to blood vessels; entrance into the blood vessels and survival in the circulation; exit into new tissue and, eventually, growth in the new environment [4] . The formation and stabilization of cellular protrusions play a decisive role in cell migration [5] . The polymerization of actin within lamellipodia and filopodia drives the protrusion of the cell leading edge, a process related to metastatic and invasive properties. Actin filaments of filopodia and lamellipodia are organized into different types of structures at the ventral surface of the cell by specific actin-organizing proteins. The dendritic unbundled filaments in a lamellipodium generate force to drive membrane protrusion and cell motility. The tight actin bundle in a filopodium forms a projection to allow the cell to infiltrate into small gaps [6] . Proteomic analyses of filopodia and lamellipodia have revealed the extent of the proteome of these cellular protrusions [7] . However, it is still unclear how proteins are specifically targeted to or maintained in these subcellular domains.
The localization of specific mRNAs has emerged as a novel mechanism behind the targeting and local expression of proteins at cellular protrusions [8] . Indeed, recent evidence shows that local mRNA translation plays a key role in protein localization to protrusions [9] . The localization of mRNA relies on either active transport along actin filaments or microtubules or via diffusion and capture of transcripts at specific locations [10] . Several human cancer cell lines have been studied, using microarrays and proteomic analyses, to identify the specific proteins and transcripts present in the pseudopodia and involved in pseudopod protrusion, tumor cell migration and invasion [11] . However, a comprehensive analysis of the mRNAs and proteins localized in the protrusions of metastatic HCC cells and their function in the invasion and metastasis of these cells is still lacking [12] [13] [14] . In this study, we combined cellular fractionation with direct RNA sequencing (DRS) to identify and quantify with high sensitivity and low bias, the total mRNA population in the cell body and protrusions of the highly metastatic HCC cell line, HCCLM3, and the non-metastatic HCC cell line, SMMC-7721 [15, 16] . A Boyden chamber assay was used to separate the cell body fraction from the cellular protrusion fraction and to isolate mRNA molecules enriched in both fractions of these cell lines [17] . STAT3 mRNA was found to be enriched in pseudopodia, and its role in the process of cell migration and invasiveness was elucidated. In addition, we found that the protrusion-localized protein Stat3 interacts with the plateletderived growth factor receptor (PDGFR), a cell surface tyrosine kinase. These results contribute to a broader understanding of the mechanisms and signaling regulations involved in pseudopodia formation and cancer cell metastasis.
Materials and methods
Boyden chamber assay for cell protrusion isolation and direct RNA sequencing Isolation of cellular protrusions was performed according to previously published methods with slight modifications [17, 18] .
We used 9.6-cm 2 (six-well format) cell culture inserts (Millipore, MA, USA) with a 1-μm pore size, uncoated polystyrene membrane for the Boyden chamber assay. The membranes were coated with a 10 μg/mL final concentration of collagen type-I (Sigma, St Louis, MO, USA) and incubated at 37 °C for 2 h. The membranes were then placed into a six-well cell culture plate without collagen type-I and incubated overnight in a 5% CO 2 humidified incubator. Afterwards, we transferred the membranes to another six-well tissue culture dish containing serum free DMEM (Corning, NY, USA). Cells were serum starved overnight and detached using 0.5% trypsin-EDTA, and the trypsin was inactivated by suspending cells in DMEM containing 10% FCS. Cells were pelleted and re-suspended in serum free medium, and 1-2×10 6 cells were transferred to one membrane insert. Cell protrusions were allowed to grow through the membrane for 24-30 h before protein and RNA purification.
To isolate cell bodies and cell protrusions, the cell culture insert membranes were washed once with PBS, and then the cell body and cell protrusions were harvested using a sharp cell scraper (Costar, NY, USA). First, we thoroughly washed the lower side of the membrane with 1 mL TRI-reagent (Sigma, St Louis, MO, USA), and then used a cell scraper to scrape off the cell protrusion. The cell scraper was used only once on the membrane to avoid contaminating the protrusion fraction of lysed cells. Cells on the upper side of the membrane were subsequently scraped and collected with TRI-reagent. Approximately 1 µg of glycogen was used to facilitate the precipitation of RNA. Single RNA molecules were sequenced by direct RNA sequencing (DRS) using the HiSeq 2000 platform. DRS was performed once with pools of RNA representing the protrusion fraction (PF) or cell body fraction (CF) from four independent chamber insert membranes. The raw bioinformatics data analysis and sequence alignment was completed using the HiSeq 2000 platform.
Co-immunoprecipitation and Western blot analysis
Cells were lysed in RIPA buffer containing: 50 mmol/L TrisHCl (pH 7.4), 150 mmol/L NaCl, 1 mmol/L PMSF, 1 mmol/L EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS and protease inhibitor cocktail (Sigma, St Louis, MO, USA). The supernatant was used for immunoprecipitation and Western blot assays. For the immunoprecipitation of phosphorylated Stat3/Stat3 with vascular endothelial growth factor receptor (VEGFR), platelet-derived growth factor receptor (PDGFR), nerve growth factor receptor (NGFR) and hepatocyte growth factor receptor (HGFR), 10 μg of the specific antibody was added to 500 μL of supernatant and incubated at 4 °C with agitation for 1 h after which 50 μL of protein A-Sepharose beads was added, and the incubation at 4 °C was continued for 2 h. The beads were then washed four times for For Western blot assays, cells were lysed in RIPA buffer containing: 50 mmol/L Tris-HCl (pH 7.4), 150 mmol/L NaCl, 1 mmol/L PMSF, 1 mmol/L EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS and protease inhibitor cocktail (Sigma, St Louis, MO, USA). Then, 50 µg of protein was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in an 8% gradient polyacrylamide gel (Bio-Rad). Proteins were transferred to a nitrocellulose membrane, probed with specific antibodies and detected by incubation with enhanced chemiluminescence (ECL) substrate followed by exposure of the membrane to autoradiography film. β-Actin was used as loading control. The following antibodies and dilutions were used: mouse anti-actin (Beyotime, Fluorescence in situ hybridization and immunofluorescence Cells were processed for fluorescence in situ hybridization (FISH) and immunofluorescence according to the protocols described in a previous paper [19] . For in situ hybridization, cells were hybridized with a pool of FAM-conjugated STAT3 DNA oligonucleotide probes. For immunofluorescence, a 1:50 dilution of a mouse anti-Stat3 antibody (Oncogene Science, Cambridge, MA, USA) was used as a primary antibody. For the secondary antibody, a 1:1000 dilution of an anti-mouse Cy3-conjugated antibody (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) was used. In addition, the following primary and secondary antibodies were also used for immunofluorescence: mouse anti-tubulin 1:500 (Beyotime, Haimen, China); secondary antibody Alexa Fluor 488-labeled goat anti-mouse IgG (H+L) 1:500 (Beyotime, Haimen, China), Alexa Fluor 555-labeled donkey anti-mouse IgG (H+L) 1:500 (Beyotime, Haimen, China). All immunofluorescence images were taken with a resolution ratio of 100 μm and 0.2-s exposure time using a CX41-32RFL fluorescence microscope (Olympus, Japan).
Statistical analysis
All experiments were carried out in triplicate unless otherwise stated in the Results section. Data are expressed as the mean±standard deviation (SD) of three independent experiments and were analyzed with SPSS software using Student's t test with significance defined as P<0.05.
Results
Isolation of mRNA from the cell bodies and protrusions of HCCLM3 cells To identify and characterize the transcripts localized at the protrusions of metastatic HCC cells, we used the human hepatocellular carcinoma cell line HCCLM3, a well-characterized HCC cell line with high metastatic properties [20] . The total RNA and DNA from HCCLM3 cells grown on coverslips was visualized as cytoplasmic and nuclear EtBr staining ( Figure  1A, upper panel) . As expected, most cytoplasmic RNA signal vanished after RNase-treatment ( Figure 1A, middle panel) . The omnipresent cytoplasmic protein α-tubulin was used as a cytoplasmic staining control in the fluorescence assay. To isolate RNA from cell bodies and protrusions, a slightly modified Boyden chamber assay was used [17] . Because the average diameter of the cell body is approximately 10-20 μm and the size of the cell protrusion is less than 1 μm, the cell protrusion was separated by a Boyden chamber with a microporous membrane, through which only the thin cell protrusion could migrate ( Figure 1B ). The nuclei of the cell bodies were stained with DAPI to validate the migration and presence of cell protrusions (Ps) through the porous membrane of the Boyden chamber and the absence of migration of the cell bodies (CB) on the lower-side of the porous membrane ( Figure 1C ). Figure  1C shows that both the pseudopod and cell body fractions were stained for α-tubulin (green) but only the cell body fraction was stained for nuclei (blue). Western blotting confirmed that the nuclear marker histone H3 was absent from the protrusion fraction (Ps) ( Figure 1D ). These results show that we successfully isolated the cell protrusion fraction from the cell body fraction using a modified Boyden chamber assay.
Direct RNA sequencing (DRS) of total RNA from the Ps and CB fractions of HCCLM3 cells After purification, total RNA from both the Ps and CB fractions was submitted to high-throughput direct RNA sequencing (DRS). We were able to map 11 807 299 reads from the Ps mRNA fraction and 12 355 884 reads from the CB mRNA fraction. The relative similarity in the number of mapped reads suggests a comparable amount of starting RNA material used for DRS. The number of reads for each mRNA identified by DRS was normalized to represent the number of mRNA Reads Per Kb per Million reads (RPKM) [21] . The calculated RPKM values thereby represent the relative abundance of a given mRNA in the total number of mapped sequences. We selected mRNAs with RPKM values larger than 5 in both Ps and CB for downstream analysis, to eliminate insignificant results in the calculation of ratios [22] . The total number of mRNAs with RPKM values larger than 5 in both Ps and CB was 7591 (Supplementary Table S1 ). The relative mRNA localization in Ps compared to CB was calculated using the ratio Ps/CB. While the experimental conditions and the cell morphology may affect the absolute value of the mRNA localization ratio, the ratio calculated by this formula is relatively independent on these variables. We previously established that a Ps/CB ratio larger than 1.6 represents a protrusion-enriched localized mRNA. We used this cut-off value to select the enriched localized mRNA and arranged them in descending order. There were 793 mRNAs with a localization ration >1.6 that were identified as being localized in the Ps fraction (Supplementary Table S2 ). The top 50 mRNAs localized at protrusions are shown in Table 1 . RPKM represents the expression value of the gene, indicating the relative value of specific localized mRNA from the CB and Ps fractions. There was enough total mRNA from the Ps fraction to acquire a specific mRNA with a localization ratio >1.6 because the localization ratio reflects the relative localization in protrusions compared with cell bodies, not the absolute quantity for a given mRNA in the protrusions.
To identify the protrusion-localized mRNAs that are most relevant to the metastasis of HCCLM3 cells, cellular fractionation with the Boyden chamber and DRS was repeated with the non-metastatic HCC cell line, SMMC-7721 [20] . Using the same cut-off value and localization ratio as described above, we found that the population of protrusion-localized mRNAs in SMMC-7721 cells is very different from HCCLM3 cells, as shown by the top 50 protrusion-localized mRNAs described in Supplementary Table S3 . These results suggest that a specific population of transcripts are enriched in the protrusions of highly metastatic hepatocellular carcinoma cells.
Analysis of HCCLM3 cell protrusion-localized mRNAs
The localized mRNAs in the protrusions of HCCLM3 cells can be divided into four groups according to their major functions: cancer, cell motility, protein synthesis/modification and cellular assembly/organization ( Figure 2A) . Next, we validated the mRNA localization results for three tumor-related genes: TP53, STAT3 and EEF2 from the DRS assay using quantitative RT-PCR (RT-qPCR). Following normalization with ARPC3 mRNA, which is present in both protrusions and cell body, we obtained concordant results for TP53, STAT3 and EEF2 mRNA localization by the two methods ( Figure 2B ). Western blot analysis using CB and Ps protein extracts normalized for 
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Acta Pharmacologica Sinica npg β-actin showed that, in the protrusions, Stat3 levels were much higher than in the cell body ( Figure 2C ). However, TP53 and EEF2 did not show any difference in expression between the two fractions ( Figure 2C ). Stat3 is a member of the STAT protein family, which is involved in cell invasion and metastasis in cancer [23] . To investigate the distribution of STAT3 mRNA Knockdown of Stat3 decreases the metastatic and invasive capacity of HCCLM3 cells Signal transducer and activator of transcription 3 (STAT3) activation has been linked to the EMT program in hepatocellular carcinoma [24] , and we found that STAT3 mRNA is localized to the protrusions of HCCLM3 cells. To explore the role of protrusion-localized mRNA in tumor cell invasiveness, siRNA sequences targeting knockdown of STAT3 were used. HCCLM3 cells were incubated with control or with targetspecific siRNA for 48 h. As anticipated, there was more than 80% knockdown in the protein level for Stat3 after transfection compared with the non-silencing control siRNA ( Figure 3A) . Following the confirmation of knockdown, the MTT assay was used to test the proliferative capacity of the cells. We found no significant differences in proliferation ability between HCCLM3 cells transfected with target-specific siRNAs and control cells transfected with scrambled siRNA ( Figure 3B ). Next, we used the wound healing migration assay to compare the migration capacity of scrambled siRNA-transfected cells with target-specific siRNA-transfected cells. A higher level of cell migration was observed in the control group compared to the STAT3-depleted group ( Figure 3C ). After STAT3 depletion, the invasive ability of the cells was measured by a Transwell Matrigel invasion assay. After 24 h, STAT3-depleted cells were significantly less invasive compared with control cells (Figure 3D and 3E) . Altogether, these results show that the knockdown of STAT3 decreases the motility and invasive capacity of HCCLM3 cells.
Protrusion-localized Stat3 interacts with platelet-derived growth factor receptor tyrosine kinase Previous studies have shown that Stat3 can be directly phosphorylated by receptor protein tyrosine kinases (RPTKs) located at the cell membrane after extracellular signal stimulation by cell growth factors [25] . To better understand the role of protrusion-localized Stat3, we explored a possible interaction between Stat3 and several hepatic-related growth factor recep- 
Acta Pharmacologica Sinica npg tors: vascular endothelial growth factor receptor (VEGFR), platelet-derived growth factor receptor (PDGFR), hepatocyte growth factor receptor (HGFR) and the non-hepatic related nerve growth factor receptor (NGFR). Cells were first treated with growth factors at their optimal concentration: PDGF=5 ng/mL, VEGF=10 ng/mL, NGF=10 ng/mL, and HGF=15 ng/mL ( Figure 4A) . Following cell extraction, co-immunoprecipitation (co-IP) was performed to detect an interaction between either Stat3 or phospho-Stat3 and the various growth factor receptors. We found no interaction between phosphorylated Stat3 and PDGFR, VEGFR, HGFR or NGFR ( Figure 4B ). However, non-phosphorylated Stat3 interacted with PDGFR ( Figure 4B ), and the interaction was growth factor-dependent ( Figure 4C ). Using a reverse co-IP experiment, we further confirmed that non-phosphorylated Stat3 interacts with PDGFR ( Figure 4D and 4E) . Interestingly, upon treatment with the PGDFR inhibitor, AC710, this interaction was reduced ( Figure  4F ). Meanwhile, Western blot analysis showed that PDGFR was present at higher levels in the protrusion fraction than in the cell body ( Figure 4G ). Altogether, these results suggest that protrusion-localized Stat3 interacts with PDGFR, and this interaction depends on the activation of PDGFR.
Discussion
Only a few studies have addressed the issue of mRNA localization in protein sorting at the cellular protrusions of astrocytes, neurons, fibroblasts, and cancer cells [16] [17] [18] . The lack of efficient large scale methods of protein and RNA collection has been the main problem. Here, we used a Boyden chamber assay to isolate and collect total RNA from the cell body and protrusions of HCCLM3 and SMMC-2271 cells and characterized the transcriptome of these fractions with high sensitivity and low bias using direct RNA sequencing. To validate the Boyden chamber assay, total cytoplasmic fluorescent staining was used to confirm the migration of the cell protrusion, and DAPI-stained nuclei were used to confirm that the cell bodies remained on the upper-side of the insert membrane. Our results suggest that protrusions can be purified from the Boyden chamber assay without contamination from transmigrated cell bodies. Western blot analysis of the Ps and CB fractions for histone H3 confirmed that there was no considerable contamination of cell bodies in the Ps fraction. This was a www.nature.com/aps Liu YH et al Acta Pharmacologica Sinica npg crucial assessment of the quality of the Boyden chamber isolation assay because even a small migration of cell bodies would introduce a severe contamination of cell body material to the protrusion fraction. The direct RNA sequencing method was used to detect the RNA in the HCCLM3 Ps and CB fractions. Quantitative RTqPCR on the mRNA of three tumor-related genes was used to validate the results of DRS. The RT-qPCR results were concordant with those obtained from DRS, which confirms that protrusion-localized RNA on a genome wide scale can be found using the Boyden chamber assay and DRS. Most mRNAs localized in the cell protrusions of HCCLM3 were related to functional pathways such as cancer and cell motility. Interestingly, a similar analysis performed on the nonmetastatic cell line SMMC-7721 revealed a lack of overlap in the population of protrusion-localized mRNAs between metastatic HCCLM3 cells and non-metastatic SMMC-7721 cells.
The majority of pseudopod-enriched mRNAs are involved in cell growth, differentiation, adhesion and migration. These biological processes are closely associated with cancer progression, especially cell migration capacity. The mRNA for Stat3 was among the identified mRNAs from DRS analysis. We confirmed the localization of STAT3 mRNA in cell protrusions using RT-qPCR and RNA FISH analysis, and the localization of Stat3 protein in cell protrusions using immunofluorescence and the Western blot assay. To study the functional role of localized mRNA in tumor cellular invasiveness, an RNA interference approach targeting STAT3 was used. The MTT assay showed almost no difference in proliferation ability between target-specific siRNA transfected cells and control group. However, this knockdown clearly affected the invasive and metastatic ability of these cells. The results of these assays indicate that STAT3 mRNA is not a critical factor for the proliferation of HCCLM3 cells but, rather, plays a more significant role in cell motility.
Stat3, which is expressed in most tissues, plays a dual molecular role: signal transducer and transcription activator. Studies have shown that Stat3 is upregulated in many cancers, including glioblastoma, head and neck cancer, prostate cancer, and breast cancer [26] . Phosphorylation of Stat3 at specific residues (Tyr705 or Ser727) in response to ligand stimulation determines its molecular role. Tyr705 phosphorylation promotes Stat3 homodimerization, resulting in its nuclear translocation and binding to DNA. Ser727 phosphorylation of Stat3 takes place at the C-terminal transactivation domain and allows for maximal activation of transcription of Stat3's target genes [27] . Our results suggest that protrusion-localized Stat3 interacts with PDGFR in a growth factor-dependent manner. Western blot analysis shows that PDGFR is more abundant in the Ps fraction than in the CB fraction. High expression of platelet-derived growth factor receptor-α (PDGFR α), which plays many critical roles in embryonic and postnatal development, was found in early liver development [28] . Moreover, overproduction of PDGF may be involved in the growth stimulation of human tumors [29] . From these data we propose that the localization of STAT3 mRNA at a cellular protrusion promotes the local synthesis and accumulation of Stat3 protein, where it can interact with PDGFR located at the cell membrane. Following the stimulation of PDGFR, the tyrosine kinase activity of this receptor could phosphorylate Stat3 and promote its dimerization, resulting in its nuclear localization and activation of its target genes [30] ( Figure 5 ).
In summary, our study reports a genome-wide identification of asymmetrically distributed mRNAs in HCCLM3 cell protrusions. The protein product of the protrusion-localized STAT3 mRNA interacts with PDGFR tyrosine kinase, which is highly enriched in the protrusion fraction. We propose that the local accumulation of Stat3 in cellular protrusions plays an important role in the invasive and metastatic ability of HCC cells. and Zhejiang Province Natural Science Foundation of China (LY16C070002).
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